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Abstract

An innovative approach to the optimization of process parameters and equip-
ment sizes of the recirculating cooling water system for various types of ther-
mal power plants (TPPs) with natural draft wet cooling towers is presented in
this paper. The optimal values of the most influential operating and dimen-
sional parameters of a TPP cooling water system are obtained by minimizing
the annual cost of the system while satisfying the specified input design and
operating conditions as well as the imposed constraints. The specificities of
the TPP type are determined through the input parameter for levelized cost of
energy (LCOE), which also reflects the specificities of the environmental pro-
tection standards for each TPP type. The developed mathematical model and
the computer program are cross-checked with various existing designs, and
the results are found to be compliant and accurate. The proposed optimization
method has a global character because the climatic and economic specificities
of the geographic location of the TPP are determined through the input pa-
rameters. By applying the proposed optimization model, it is possible to make
significant savings in the operation of a TPP on an annual basis. This article is
organized into several parts to illustrate the application of the proposed opti-
mization method using case studies.
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1. Introduction

Plants that produce electricity via the conversion of heat energy (obtained in dif-
ferent ways) are generally referred to as thermal power plants (TPPs). This energy
conversion is accomplished in a thermodynamic closed-loop process known as
the Rankine cycle or the Clausius-Rankine (C-R) cycle. Figure 1. shows the main

components of the C-R cycle.
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Figure 1. Components of the C-R cycle.

As shown in Figure 2, in the C-R cycle with superheated steam, the heat input
is realized along parts of the cycle: heating the feedwater to the saturation temper-
ature (line ab), evaporating the water at a constant temperature (line bc), and su-

perheating the steam to higher temperatures (line cd).
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Figure 2. T-s diagram of the C-R cycle [1].

When considering the influence of certain basic thermodynamic parameters on
the thermal efficiency of the C-R cycle, it is convenient to replace this cycle with
the equivalent Carnot cycle.

The amount of heat supplied to the cycle is determined by the integral, taken in
the area of entropy change from s to s, which can also be represented as the
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product of an equivalent temperature ( 7:) and the entropy difference (s, — ) [1].
Gn =, T-ds=T, (s, -,) (1)

The equivalent temperature is the mean temperature of the heat supply to the
cycle, at which the thermal efficiency of the C-R cycle (1cr) is equal to the thermal

efficiency of the equivalent Carnot cycle (1), which allows us to write [1]:

T, T,
Ner =17c = eT—COd
e (2
T = Tcond
1-7cq (3)

The thermal efficiency of the C-R cycle used in steam power plants typically
falls within the range of 30% to 45%. There are several ways to improve the ther-
mal efficiency of the C-R cycle: working with superheated steam, increasing the
temperature and pressure of superheated steam, intermediate reheating of steam,
reduction in steam condensing pressure, and regenerative heating of steam con-
densate [1].

The essence of all the improvements mentioned comes down to the general
principle according to which increasing the thermal efficiency of the C-R cycle
can be achieved by increasing the temperature of the heat source and/or lowering
the temperature of the heat sink.

When it comes to the C-R cycle improvements related to increasing the tem-
perature of the heat source, the process can be said to be complete for the current
metallurgical capabilities of the materials. The parameters of live and reheated
steam are optimized and internationally harmonized. The production of steam
boilers and turbines is standardized on this basis.

Lowering the temperature of the heat sink in technical systems is limited by the
ambient temperature. The ambient temperature is determined by the climate and
geographical location of the region where the process takes place and cannot be
influenced. For this reason, the standardization of a part of a TPP whose operation
depends on the ambient temperature is not possible, because each plant construc-
tion location has its own climatic specificities that differ significantly from region
to region.

The improvement of the thermal efficiency of the C-R cycle, with a decrease in
the steam condensing pressure (peona), Z.€., with a decrease in the steam condens-
ing temperature (7Z:ona), essentially came down to determining how close the
steam condensation temperature can be to the ambient wet-bulb temperature
(Tisp-amb)-

As seen in Figure 3, to obtain a lower steam condensation temperature for a
given Tip-mb, the initial temperature difference (A 7irp) and the approach (A 7;p)
can be reduced. This can be achieved by either increasing the performance of the
cooling water system, increasing the heat transfer surface area in the condenser,
increasing the size (diameter and shell height) of the cooling tower, increasing the

fill volume in the cooling tower, installing more effective fill material, reducing
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the flow losses, improving the rain zone performance, and/or increasing the cool-

ing water mass flow rate, thus reducing the cooling range (A 7c.) [2].
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Figure 3. Schematic T-Q diagram for a wet-cooled power plant cooling water system [2].

Based on the above stated, it can be concluded that the TPP cold end system,
including the low-pressure steam turbine (LPST), steam condenser (SC), cooling
tower (CT), circulating water pumps (CWPs) and circulating water pipelines
(CWPLs) remains the only part of TPPs whose parameters and dimensions are
not subject to standardization.

The climatic and economic specificities of the geographical location of the TPP
are the primary factors that should determine the characteristics of the cold end
system in each project. In practice, this is not always the case. The construction of
TPPs (including elements of the cold end system) is often based on the import of
equipment and loans. The optimization of the TPP cold end system is either not
done at all, or partial optimization is carried out that does not give satisfactory
results. One of the main reasons for this is the lack of appropriate optimization
models that include the entire TPP cold end system. This was the motivation to
initiate a research project with the aim of developing a numerical multi-parameter
optimization model for the TPP cold end system, applicable for various types of
TPPs that can be used worldwide.

2. Literature Review

There are many research papers dealing with the theory, principles of operation,
and performance analysis of steam turbines, steam condensers, cooling towers,
and cooling water systems for various types of TPPs. However, there are a rela-
tively small number of research papers dealing with their cost-optimal design and
operation, most of which deal only with partial optimization that includes a small
number of decision variables. To the best of the authors’ knowledge, very few re-
search papers have been published dealing with the complex multi-parameter op-
timization of the entire TPP cold end system, including the LPST, SC, CT and
CWPs and CWPLs. There are several reasons for this current situation:

1) Carrying out a multi-parameter optimization of any engineering system is a
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very complex task. Creating an appropriate mathematical model, economic
model, and computer program requires expert knowledge in several different sci-
entific fields: the field of engineering, the field of mathematics, and the field of
economics. Each of these fields is individually very complex.

2) The application of analytical methods for multi-parameter optimization is a
very complex task, even when the objective function is a function of a small num-
ber of decision variables. This becomes almost impossible when the objective
function includes a greater number of decision variables. Introducing constraints
and simplifications, which are often necessary to arrive at a solution, can compro-
mise the accuracy of the optimization.

3) The application of numerical methods for carrying out a multi-parameter
optimization, with the use of computers, until recently was limited by the capabil-
ities of computers to find optimal solutions in a reasonable time.

4) Complex optimization of a cooling water system requires knowledge of the
equipment cost functions; these should be a direct or indirect function of the de-
cision variables and be based on reliable data. The best information for the equip-
ment price functions is owned by equipment suppliers. However, this information
is usually not available for public use. This is particularly characteristic of natural
draft cooling towers, which have reached dimensions that make them one of the
largest structures ever built with very large investments. The lack of ability to ar-
rive at reliable equipment price functions can compromise the accuracy of the
optimization.

Bearing in mind the above-stated reasons, it is understandable why the optimi-
zation of process parameters and equipment dimensions of a TPP cold end system
was often focused on the system components only (CT, SC, or CWPs) and some-
times only on individual parameters that influence their operation. These include
the effect of the SC inlet cooling water temperature [3], the effect of stem con-
densing pressure [4]-[6].

The research papers [7]-[12] are examples of partial optimization studies. The
limitation of these types of studies is that the optimization results do not reflect
the entire system and therefore have limited use value. Additional problems that
often arise in partial optimizations are the interactions between sub-components
of the system and the need to properly consider the influence of other parts of the
system on the part under consideration.

Reference [13] studied the performance of the power plant with the combina-
tion of dry and wet cooling systems in different operating conditions. Then the
off-design behavior was studied by varying the ambient temperature and relative
humidity and several parameters connected to the cooling performance, like the
exhaust steam flow rate, the air-cooling fan load and the number of operating
cooling water pumps and cooling towers.

Instead of developing optimization algorithms that are specific for the TPP cold
end components, some researchers preferred using general-purpose (open-

source) algorithms such as the Genetic Algorithm (GA) [8], the Constrain Varia-
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ble Metric Algorithm (CVMA) [9], and the Artificial Cooperative Search (ACS)
algorithm [11]. These types of algorithms have advantages and disadvantages,
some of which are listed in the referenced literature.

H. Kunaj and D. Barilar [14] presented a method for TPP cold end system op-
timization that was developed in the Institute of Energy Zagreb and used for NPPs
Krsko and Prevlaka. A. Popovi¢ [15] [16] presented a method for TPP cold end
optimization that was developed in the Institute of Thermotechnics and Nuclear
Engineering—ITEN, Energoinvest Sarajevo. The method provides optimal dimen-
sions of dry and wet natural draft cooling towers for 100 MW to 500 MW TPPs.
The objective function for the optimization methods presented in [14] and [15]
[16] was the minimum price of the produced electric energy and applicable for
economic specificities and the geographic location of the Yugoslavia state at the
time of the studies. The limitation of these types of studies is that the optimization
results do not have a global character and cannot be applied to all types of TPPs.

This study aims to fill the research gap and address the limitations of previous
studies. The hypothesis that is put forward is the development of a mathematical
model and a computer program specific to the cold end system for various types
of TPPs that can be used worldwide.

3. Decision Variables

Among numerous operating and dimensional parameters of the TPPs cold end
system components, the following seven decision variables were selected as the
most suitable as optimal design control variables: cooling water approach to the
ambient wet bulb temperature (A 7;;,), cooling water range (A 7¢.), steam conden-
ser terminal temperature difference (A Ttrp), cooling water velocity in the steam
condenser tubes (vscy), hydraulic water load on the cooling tower fill (gcrr), height
of the cooling tower fill (Hcre), and height of the cooling tower air inlet opening
(HCTi)'

4. Objective Function

To optimize the decision variables of the cooling water system in TPPs, it is most
suitable to take the annual cost of the cooling water system (ACcws) as the objec-
tive function and to optimize the process and dimensional parameters of the sys-
tem so that the ACews is minimal. The ACews can be expressed as the sum of the
annual investment cost of the cooling water system (A/Ctws) and the annual op-

erating cost of the cooling water system (A OCtws).
AC,ys = AIC, s + AOC_ s (4)

The capital cost of the cooling water system (CCtws) can be expressed as the
sum of the capital cost of the cooling tower (CCcr), the capital cost of the steam
condenser (CGic), and the capital cost of the cooling water pumps (CCcwers). The
capital cost of the cooling water system includes cost for designing, purchasing
materials, manufacturing components in factories, and cost for installing and
building on the facility of the TPP.
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CCows = CCcr +CCqc +CCoyp ()

The annual investment cost of the cooling water system (A/Ccws) is the cost
related to the repayment of the loan taken for the construction of the cooling water

system and is calculated according to the following formula [17]:

AIC, = CCpuys - CRF (6)
CRF :M (7)
(I+r) -1

where, CRFis capital recovery factor; r is interest rate that is paid for loan repay-
ment; n is number of years of loan repayment.

Formula (7) implies that the repayment (amortization) of the loan is made in
equal annual installments (annuities).

The AOCtws is the cost of electricity for the operation of the CWPs corrected
for savings or costs that arise with the change in the power of the LPST due to the

change in the steam condensation pressure.

AOC.ys = (PCWPs — AR pgr ) -IPUF-z-LCOE (8)

where, Pcwps is the power consumed by the CWPs, MW; A P psr is change in the
LPST power with change in the steam condensation pressure, MW; IPUF is the
installed power utilization factor; t is the number of annual operating hours of the
power plant, hr; LCOE is the levelized cost of energy produced by the power plant,
€ per MWh.

Inserting expressions (6), (7) and (8) into expression (4) yields the final expres-

sion for the objective function:
r-(l+r)"

ACcws =CCeys 'er

(Pawps —APpgr )- IPUF -7 - LCOE ©)

5. Methodology
5.1. Mathematical Model

The mathematical model of a TPP cold end system consists of mathematical mod-
els for the following components: the cooling tower, the steam condenser, the low-
pressure part of the steam turbine, and the circulating water pumps and pipelines.
The goal of the mathematical model is to find a mathematical relationship be-
tween the process parameters and the dimensional parameters of the system
equipment and to establish the mutual dependence of the decision variables based
on the general principles of the laws of physics and generally accepted engineering
calculation methods.

The mathematical model of a natural draft cooling tower consists of the math-
ematical model for the thermal calculation of the cooling tower and the mathe-
matical model for aerodynamic calculation of the cooling tower. Water cooling in
a wet cooling tower is the result of two physical processes: heat transfer by con-

vection and mass transfer by evaporation. The intensity of these processes is de-
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termined by two laws of physics (Newton’s law and Dalton’s law) which form the
basis for obtaining Merkel’s differential equations on which the thermal calcula-

tion of the cooling tower is based [18].

dQ =G, -C,, -dT, = B, -(i"—i)-dV (10)

di = Sov -dT,, , where 1= ©, (11)
A G

cw

In his approach, Merkel neglected the amount of water that evaporates in the
cooling process. L. D. Bermam introduced a correction factor that considers the

amount of water that evaporates, which is calculated by the formulas [19]:

w2 (12)

Fovz = _(ch _Cswv)'Tcwz (13)
Considering equation (12), equation (11) can be written in the form:
C
di =—=2~.dT 14
k-a (14)

The solutions for equations (10) and (14), for the case of counterflow, as shown

in Figure 4, can be written in the form:

Me j:wwzl IC_I'dTCW 0 ng v (15)
Cow *(Teur =T,
Me = cw (cwl CWZ)‘ . 1 +- 4 + 1 =A-A"- HCTf (16)
6 =i, i =i, i -
T..-T
iz_ilz% (17)

2’
Gcw’ Tcw] l T Ga,iZ

<N
[

cw’ch\Z l T GI

Figure 4. Change in water and air parameters in the wet cooling tower fill.

0 S

cw22 20 2 al’Xl’ 11

Expression (16) is obtained based on the following conditions and assumptions:
cwl C

- numerical integration of Me = J. using Simpson’s rule [20]

Tew2 |

_ Tcwl +Tcw2

where #,” is enthalpy of saturated air at temperature T, = , and
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i
e
- pxv does not depend on the thermodynamic parameters of water and air,
which was confirmed by tests,

- mass transfer coefficient in the cooling tower fill has the form:

- {3
Tf Tf

and considering that for most types of the cooling tower fills, m = 1 - n.

The aerodynamic calculation of a natural draft cooling tower is based on the
condition that available draft and total air flow resistance in the cooling tower

must be equal [21] [22].
2

n,o v
HCTb'(pal'paZ)'g:zlgn'?'pn (19)

where, Hcry, is effective tower height of buoyancy, m; p., is air density at the CT
entrance, kg/m’; p., is air density at the CT exit, kg/m? g is acceleration due to
gravity, m/s% ¢ is local pressure loss coefficient; v, is local air velocity, m/s; p, is
local air density, kg/m>.

Since dominant airflow resistance is in the cooling tower fill, it is common to
express the air flow resistance in the tower as a function of the air velocity in the
tower fill (vcre) and the average air density in the tower fill (pum) [21] [22]:

V2 V2
Zfé’n'?n'pnzé/t' (;f * Pam (20)
Pu P,
o = al 5 a2 (21)

where, { is the total air flow resistance coefficient reduced to the air velocity in the
tower fill.
If the air speed in the tower fill is expressed through the mass flow of air G, in

kg/h, it can be written:
G

V, = [ — 22
e 3600- ACTf * Pam ( :
A-Gg,

e 3600- ACTf " Pam 22
If the water flow G, in kg/h, is expressed through the parameter that repre-
sents the hydraulic water load of the tower fill gcrp; in m?/m?h, the equation (23) is

transformed into the following form:

Vers = A-Qers - Actt * Pow (24)
3600- ACTf " Pam
1-
Vers = 360 Gﬁ;ﬂ (25)

From equations (19), (20), (21) and (25), the final expression for the effective

tower height of buoyancy is obtained in the form:
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A-q 2 1
H =§-[ CT*) - (26)
o121 ) ph- ek

The required total tower height can now be calculated [21]:

Her =Hery +0.5-(Heg +0.5)+0.75- Hey (27)

Expression (27) considers that the heat transfer in the cooling tower, in addition
to the cooling fill, also occurs in the rain and spray zones, as pointed out by D.
Bohn & K. Kusterer in chapter 6 of reference [23], ie., these zones are a part of
the cooling fill.

The total air flow resistance coefficient ¢ is calculated according to the meth-
odology given in references [21] [22] [24] [25], where the local flow resistance
coefficients in the cooling fill and drift eliminators are calculated according to the
expressions given in references [26] and [27].

The mathematical model of the steam condenser is based on the heat transfer

equation:
Qsc = Usc : Asc 'ATLMTD (28)
AT
AT oy = —— 2 (29)
LMTP |n ATcw + ATTTD
AT

From equation (28), the area of the steam condenser (Asc) is calculated. The
number of condenser tubes (MNsc¢) and the length of the condenser tubes (Zsc) are

calculated according to expressions (30) and (31), respectively [28]:

G -
Ngc, =10° i% (30)
T Pey Vser "dip
=10° L 31
o Nsc, 7+ dop Gy

The average heat transfer coefficient of a steam condenser (Usc) can be calcu-
lated according to the methodology given in references [28] and [29].

The purpose of the mathematical model of the LPST is to give the dependence
of the turbine power change on the pressure in the SC, on the steam flow through
the last stage of the turbine and on the design parameters of the last stage. In the
most general case, this dependence can be obtained by a detailed calculation of
the turbine, in various modes of operation. This is not usually done in optimiza-
tion calculations. Either curves provided by the turbine manufacturer are used or
a theoretical model is used that gives very good results according to measurements
on objects. In this paper, the latter procedure was adopted, the base of which can
be found in references [30]-[32]. Three cases of the turbine operating mode are
characteristic: the subcritical flow region when A Ppsr < 0 (Equation 32), the su-
percritical flow region when AP psr > 0 (Equation 33), and the transitional flow
region when AP pst = 0 [32].

k-1 -2 -1
APLPST = GS .a*z .I:i-[l_gkk J.nm* _%.[gkk _]}J’_UC;)—*SﬁZ.(Skk _1J:| (32)
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1
k1) =2 2
AP =G, -u-a - X- {k+l(l—ig k J—gkk ~sin2,82:l —cos 3, (33)

k—1" k+1""

A, =D, mt-lsy, -sin B, (34)

. a -G
p = . (35)

Hy KA, N pstes
& = Peona. (36)
p
D -m-n

Uu=—m0_— v 37
50 (37)

where, G is steam flow rate, kg/s; a* is critical speed of sound, m/s: k is isentropic
coefficient of steam in the LPST last stage; 7.+ is internal efficiency coefficient of
the LPST last stage; /2 is exit steam velocity angle of the LPST last stage, °; x is
moisture content of the steam exiting the LPST last stage, %; D,, is mean diameter
of the LPST last stage, m; At is blades length of the LPST last stage, m; x, is flow
coefficient of the LPST last stage; Mipsr_sis number of exit sections of the LPST;
1, is number of revolutions of the ST, rpm.

When steam expansion in a turbine reaches the “limit vacuum” (peona < p*),
further lowering the condenser pressure doesn’t increase power output from the
LPST. This limit is determined by the following relationship [32]:

2k
&y =Sin px+ (38)

Peond-apLpsTmax = p* K2 (39)

The main purpose of the mathematical model of cooling water pumps and cool-

ing water pipelines is to calculate the power used to drive the cooling water pumps:
_ P9 Qewe Hewe
Mewe

Hewe = Hewes + Hewea (41)

The static head of the CWP (Hcwps) measures the total vertical distance that the
cooling water pump raises water in the cooling tower. The dynamic (frictional)

Pewe (40)

head of the CWP (Hcwra) is spent on overcoming frictional flow resistance in the
system and can be expressed as the sum of the pump head spent on overcoming
the flow resistance in the cooling water pipeline (A Hcwei) and the flow resistance
in the steam condenser (A Hsc). For the calculation of A Hcwpr, it is most conven-
ient to use the Hazen-Williams empirical formula, which is intended for turbulent
water flow. The AHsc can be calculated according to the methodology given in
references [28] and [29].

5.2. Computer Program

In the past, the main focus was to make the optimization calculation procedures

for an engineering system as efficient as possible to save computer time, but now
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this approach has little meaning, and more importance is given to simplicity of
implementation. Based on this premise, the exhaustive search method [33] [34]
was used in this study for optimal design of the recirculating cooling water system
of TPPs. The main strength of the exhaustive search method is that it is guaranteed
to find the optimal solution from among the domain specified for the decision
variables.

For the numerical solution of the system of nonlinear equations defined in the
mathematical model and the objective function, the computer program (written
in FORTRAN) has been developed. It consists of the following components: a
main program, a subroutine for the cooling tower thermal calculation, a subrou-
tine for the cooling tower aerodynamic calculation, a subroutine for calculating
the temperature of the cold water in the cooling tower as a function of the plant
location and prevailing atmospheric conditions, a subroutine for the steam con-
denser sizing, a subroutine for calculating the steam condensation pressure, a sub-
routine for calculating the power of the low-pressure part of the steam turbine,
and several subroutines for calculating thermodynamic properties of fluids. Fig-
ure Al in Annex shows the algorithm of the main computer program based on
the exhaustive search algorithm for solving the optimization problem.

In the program, the decision variables ( Tipp, A Tew, gers Heri, Hers, A Trrp, and
vsci) vary between the lower and upper bounds with a variation step fixed for each
variable. The A Cws is calculated for each variation of the decision variables in an
iterative procedure. The ACcws calculated in the previous iteration (ACewspi) is
compared with the ACews in the next iteration (ACcwsni), and only the smaller
value is memorized so that at the end of the iterative procedure the minimum
value of the annual costs of the cooling water system A Ctwsmin is Obtained, which
corresponds to the optimal values of the decision variables (A Tipp-opt; A Tew-opt> gere:
opts HcTicopts HcTt-opts A T’I‘TD—opt) and Vscm—opt)-

The exhaustive search algorithm has been streamlined (by adjusting the varia-
tion step for all the decision variables) to prune the discretized search space with
the intention to remediate the time and space complexity of the algorithm.

All the decision variables, at the end of the optimization process, should be be-
tween the lower and upper set values, apart from the parameters of A7;,, and
A Trrp, whose minimum values are included in the optimization constraints. If
one or more of the decision variables, which are not included in the optimization
constraints (A Ttw, gers, Heris Hers, and wscy), at the end of one iteration cycle are at
the lower or upper bounds of their given values, then their given bounds are
moved until all the decision variables fall within their given intervals. To achieve
this, it usually takes several cycles because it often happens that when one of the
decision variables “falls” within the limits of the given interval, it “drives” one or
more of the other decision variables to their lower or upper limit. For this reason,

at the end, the variation step for all the decision variables was reduced to 0.1.

5.3. Validation Process

The existing 300 MW TPPs Gacko and Ugljevik with the steam turbine type K-
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300-240 LMZ and the cold end system components (CT, SC, LPST, and CWPs) of
known design parameters and dimensional characteristics were used in the vali-
dation process of the proposed optimization model.

The mathematical model and computer program were checked in such a way
that the calculation results of the cold end system components were compared
with their actual characteristics for the same design and operating conditions. The
results are found to be conforming and accurate. In addition, based on the au-
thor’s extensive design experience, the optimal values of the decision variables and

optimal sizes of the cold end system equipment are within the expected ranges.

6. Capital Cost Functions

The capital cost functions of the TPP cooling system equipment used for the pur-
pose of optimization must be directly or indirectly related to the operating and
dimensional parameters of the equipment. The purchased equipment’s capital
cost must include design and project management costs, production costs, trans-
portation costs, and assembly/installation/construction costs at the facility. The
more accurate the equipment cost functions are, the more accurate and reliable
the optimization results are for use.

The best way to find the equipment capital cost (investment costs) is if the pur-
chased equipment cost is evaluated based on vendor quotations, the data bank of
the designing company, or experience from previous projects. On the other hand,
some empirical correlations have been developed to estimate approximate values
of purchased equipment costs when there are no sources of data. This kind of
empirical cost equation is useful for modeling and optimization tasks, as these
equations are user-friendly for such tasks.

The empirical correlations for the capital cost estimate of the cooling water sys-

tem components, presented in the literature, are shown in Table 1.

Table 1. Capital cost functions.

Component Capital cost estimate formulas (€) Ref.

Natural draft cooling tower shell
CCershen = (0.98 — 0.595- 1072+ Her + 0.6 - 107 - Her? — 0.0217 - Derim + 0.76 -1072 [15]
- Her - DCTim) 106 . CCFCTshell, CCFcrshen = 2.91 [37]

Natural draft cooling tower fill
CCersn= C1- Versn - CCFeran, Cl= 250 $/m?, CCFersn = 1.0 [38]

Steam condenser

CGic= [C61 - Asc- (2200/ Usc) + C62 - Gew] - CCHsc, C61 = 280.74 $/m?, C62 =

746 $/(kg/s), CCFc = 1.05 [39]

Cooling water pump

CCewp = C71 - Pewp®™ - [1+ 0.2/(1 — gewe)] - CCFowe, C71= 705.48 $/kW,

39
CCFcwe = 2.85 [39]

The cost correction factors (CCF) for each type of equipment are determined
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considering the following conditions: the conversion of prices expressed in
USS$ into prices in €, the inflation price index, the price ratio of individual com-
ponents of the cooling water system to be within realistic limits [35], the price
ratio of the cooling water system in relation to the total price of the convectional
power plant to be within realistic limits, and the experience of previous projects
[35] [36].

7. Case Studies

This article is organized into several parts to illustrate the application of the pro-
posed optimization method using case studies. The case studies are related to the
cold end system of a 300 MW TPP. The objective of the studies is to find an opti-
mal design of the system that will perform its task at the lowest possible annual
cost (capital and operating) while satisfying the specified input design and oper-
ating conditions as well as the imposed constraints.

7.1. Case Study 1

In this part (Part I) of the article, Case Study 1 is presented as the base case study.

7.2. Input Design/Operating Conditions and Constraints for Case
Study 1

Input design and operating conditions for the SC are:

- Nominal installed power: Psr = 300 MW

- Steam flow to the SC: G, = 173.913 kg/s

- Installed power utilization factor: IPUF = 0.85

- Number of exit sections of the LPST: Mpsr-es = 3

- Mean diameter of the LPST last stage: Dy, = 2.480 m

- Blades length of the LPST last stage: &= 0.960 m

- Number of revolutions of the ST: n, = 3000 rpm

- Exit steam velocity angle of the LPST last stage: $, = 35°

- Isentropic coefficient of steam in the LPST last stage: k = 1.135
- Ciritical speed of sound of the LPST last stage: a* = 370 m/s

- Flow coefficient of the LPST last stage: t» =0.98

- Internal efficiency coefficient of the LPST last stage: 7o+ = 0.87
- Moisture content of steam exiting the LPST last stage: x = 0.92
® Input design and operating conditions for the SC are:

- Heatload: Qsc =400 MW

- Tubes diameter: dop/dip = 28/26 mm

- Number of cooling water paths: z = 2

- Heat transfer surface cleanliness factor: a = 0.8

® Input design and operating conditions for the CT are:

- Heatload: Qcr =400 MW

- Design cold water temperature: 7y =29.0°C

- Coefficients characterizing CT fill: A =1.5,n=0.5
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® Input design and operating conditions for the CWPs and the CWPLs:
- Equivalent length of the CWPL & fittings: Lcwpr = 750 m
- Cooling water velocity in the CWPLs: vewer = 2.25 m/s
- Number of the CWPLs: Newprs = 2
- Number of the CWPs: Newps =3 (2 + 1)
- Efficiency of the CWP: 5jcwe = 0.85
- Efficiency of the CWP motor: 7jcwem = 0.95
- Hazen-Williams friction loss coefficient for the CWPLs: C =110
- Static head of the CWPs: Hcwps = Heri +Here + 2.5 m
® Input data for ambient air conditions for the thermal power plant location:
- Barometric pressure: A = 1.0 bar
- Average annual ambient wet bulb temperature: Tip-amb = 5.6°C (Zgp-amp = 8°C
@ RH =70%)
® Input data for calculating the annual operating costs of the CWS:
- Interest rate for loan repayment: r = 8%
- Number of years of loan repayment: n = 30
- Levelized cost of electricity: LCOE = 100 € per MWh
® Constraints for the decision variables:
- AT, >50K
- ATrp>3.0K
® Constraints for the cooling tower dimensional variables:
- (Derd Dere)? = 0.375 (Dere = 0.613 + Derq)
- Heree=0.25- (Her — Her)
- Hern=0.75 - (Her — Hern)
- 12 -Derw< Her <14 - Dery
- Acri/ Acte= (2 - 0 -Rere - Heri)! (Rerd - 1) = 2 - Heril Rere > 0.35
- a=72
Notes:
1) The values of the above-listed input data and constraints are chosen to be as
realistic as possible.
2) Constraints of the process and dimensional parameters of the system equip-
ment resulting from the balance of mass and energy and the general laws of phys-
ics, as stated in the mathematical models, are implied and are not specifically

stated here.

8. Numerical Results and Comments

Based on the input data given in section 7.2 above, the optimal results for the de-
cision variables and equipment sizes of the cold end system components are pre-
sented in Tables 2-5. The five optimization cases show the impact of the cooling
water approach to the ambient wet bulb temperature (A 7;;,) on the optimization
results.

Sensitivity analysis is utilized to assess the sensitivity of the objective function

(ACcws) with respect to the change in the decision variables. The results are shown
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in Figure 5. The optimal case, where all decision variables have optimal values,
was taken as the reference case. It can be seen from the figure that the hydraulic
water load of the tower fill (gcre) has the greatest influence, and the water velocity

in the condenser tubes (vxc.) has the least influence on the A Cews.

Table 2. Optimal values of the decision variables.

ATapp

qgcrf Veond

G AT O Heim) Hon(m) AT (K) U0 ACaws (€)
5.0 7.5 9.1 9.4 1.6 3.0 1.3 3,298,517.30
5.5 7.5 9.2 9.3 1.4 3.0 1.3 3,458,124.80
6.0 7.4 9.1 9.2 12 3.0 13 3,654,088.00
6.5 7.0 9.4 9.2 1.1 3.0 13 3,848,469.50
7.0 6.7 9.6 9.1 1.0 3.0 13 4,058,265.30

Table 3. Optimal values of the peond.

ATapp ATrp Teond APipst

G T (O AT S oy P (Pa) O P (MW)
5.0 16.5 7.5 3.0 27.0 3.58 2.841 2.665
5.5 17.0 7.5 3.0 27.5 3.68 2.508 2.616
6.0 17.5 7.4 3.0 27.9 3.77 2.248 2.598
6.5 18.0 7.0 3.0 28.0 3.77 2.221 2.712
7.0 18.4 6.7 3.0 28.1 3.81 2.117 2.785

Table 4. Optimal dimensions of the CT.

ATy  Hcr Hci Hcre Heret Heree Dcrw  Dern Dere Dcre
(K) (m) (m) (m) (m) (m) (m) (m) (m) (m)

5.0 104.8 9.4 1.6 70.0 23.9 87.4 80.1 49.1 53.6

5.5 104.5 9.3 1.4 70.0 23.8 86.7 79.7 48.8 53.3
6.0 105.3 9.2 1.2 70.9 24.0 87.5 80.6 49.4 53.9
6.5 106.0 9.2 1.1 71.5 24.2 88.3 81.6 50.0 54.6
7.0 107.1 9.1 1.0 72.5 24.5 89.1 82.5 50.6 55.2

Table 5. Optimal parameters of the SC and CWPs.

ATwy  Asc e Do AHe o AHew  How  Qow Powr
(K)  (m?) (m) (mH0) (mH,0) (mH.0) (m%¥s) (MW)
50 27711 36950 85 2.1 2 1.6 17.2 64 1333
55 27512 36954 85 2.1 2 1.6 16.9 64 1308
6.0 27,504 37456 83 2.1 2 1.6 16.6 6.5 1299
6.5 28156 39,600 8.1 2.0 2 1.5 16.4 68 1356
70 28,623 41376 7.9 20 2 1.5 16.1 71 1392
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Figure 5. Sensitivity analysis at an electricity price of €100 per MWh.

9.

Conclusions

The cold end system remains the only part of TPPs whose parameters and dimen-

sions are not subject to standardization. Climatic and economic specificities of the

location of the plant are the basic elements that should determine optimal char-

acteristics of the system in each project.

a)

b)

c)

d)

e)

g

There are several contributions this study makes:
It includes the optimization of the seven most influential parameters that char-
acterize the design and operation of the TPP cold end system.
It can be used for different types of TPPs (conventional coal-fired TPPs, NPPs,
and various types of power plants for combined production of electricity). The
specificities of the TPP type are determined through the input parameter for
LCOE, which also reflects the specificities of the environmental protection
standards for each TPP type.
It can be used for designing new cooling water systems and for optimizing the
operation of existing cooling water systems.
Global optimization of the entire cooling water system can easily be reduced
to partial optimization of the system.
The proposed optimization method has a global character in such a way that
the input parameters consider the climatic and economic specificities of the
geographical location of the thermal power plant as well as the specificities of
various local and global environmental protection standards.
The developed optimization model can be modified to consider the specifics
of the mathematical and economic models of the companies involved in the
design and construction of the cold end system components so that the optimal
solution of general interest is reached on a specific project, including equip-
ment suppliers, investors, and the end user of the thermal power plant.
By applying the proposed optimization model, it is possible to make significant
(measured in millions of €) of savings in the operation of a TPP on an annual
basis. The greater the installed power of the TPP, the greater the savings.

The optimization methodology presented in this paper opens several avenues

DOI: 10.4236/epe.2025.178012

233 Energy and Power Engineering


https://doi.org/10.4236/epe.2025.178012

A. V. Popadi¢

for future research: similar models can be developed for other types of power plant

cooling systems, such as systems with dry cooling towers, wet cooling towers with

natural draft and cross flow, and wet mechanical draft cooling towers. A very in-

teresting topic for further research would be the joint work of mechanical and civil

engineers and researchers to arrive at the optimal design of a natural draft cooling

tower, both from the aspect of thermodynamics and aerodynamics of the tower as

well as from the aspect of civil design and construction methods.
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Nomenclature
Symbol Definition Unit
A Area m?
c Specific heat capacity J/kg K
D, d Diameter m
D Mean diameter of LPST exit stage m
Dery Diameter of CT at base m
Decre Diameter of CT at exit m
Dern Diameter of CT at fill base m
Derse Diameter of CT at fill top m
Dcrim Diameter of CT at middle of air inlet height m
Dere Diameter of CT at throat m
g Acceleration due to gravity m/s?
G Flow rate kg/s
H Height or CWP head m or mH>O
Her Height of CT, m m
Here Height of CT fill m
Hcri Height of CT air inlet m
Herfie Height of CT from top of fill to throat m
Herpo-t Height of CT from bottom of fill to throat m
Hcree Height of CT from throat to exit m
i Enthalpy J/kg K
L Length m
kv Length of blades of LPST exit stage m
Me Merkel number -
m CT fill parameter -
N;n Number of years or number of units, or CT fill parameter -
P Pressure N/m?
P Electric power MW
q Hydraulic water load on CT fill m®/m’h
Q Heat transfer rate or flow capacity of CWPs W or m*/s
T Temperature °C, K
r Interest rate on capital %
Ir Heat of vaporization of water at temperature T J/kg
s Entropy J/kg K
U Heat transfer rate W/m?K
v Velocity m/s
4 Volume m?
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Continued

AC
AIC
AOC
CcC
CRF
CT
Cwp
CWPL
CWS
ES
1D
IPUF
ITD
LCOE
LMTD
LPST
NPP
OD
RH
SC
ST
TPP
TTD

amb
app
cond
cw
cwe
db
ni
opt

pi

Moisture content of steam at LPST exit %
Number of cooling water paths in SC
Abbreviations
Annual cost
Annual investment cost
Annual operating cost
Capital cost
Capital recovery factor
Cooling tower
Cooling water pump
Cooling water pipeline
Cooling water system
Exit section
Inside diameter
Installed power utilization factor
Initial temperature difference
Levelized cost of energy
Logarithmic mean temperature difference
Low pressure steam turbine
Nuclear power plant
Outside diameter
Relative humidity
Steam condenser
Steam turbine
Thermal power plant
Terminal temperature difference
Subscripts
Air
Ambient
Approach
Condensation
Cooling water
Cooling water cold
Dry bulb
Next iteration
Optimal status

Previous iteration
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Continued
s Steam
SWV Superheated water vapor
wb Wet bulb
« Condition at phase (liquid/gas) interface
Greek symbols
a Angle of rise of lower part of tower shell °
i LPST exit steam velocity angle °
P CT volumetric mass transfer coefficient kg/m’h
7 LPST steam flow coefficient -
n Efficiency %
p Density kg/m?
A ratio of air mass flow to cooling water mass flow in CT -
T Annual operating hours hr
14 Pressure loss coefficient -

Increment
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Annex

START I
/ Input data /

Set the limits for the decision variables

New limits fc Tz z i PR
the d:c‘:silor:lnvari:;)lcs | Guess the decision variables within the limits I

| Calculate the objective function |

Yes
ACewspi < ACcwsni ‘

Memorize ACcwspi

[

> Memorize ACcwsni

+

All the decision variables
within the limits?

Yes

ACcws -mix = (A Tapp - opts ATew - opts Here - opty GCTe- 0pts Hei - opt, ATTTD - opty VSCt- 0pt)

/ Output data /
‘ FINISH \

Figure Al. The algorithm of the optimization process.
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